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Abstract. Cell-based therapy is one of the major potential therapeutic strategies for cardiovascular, 
neuronal and degenerative diseases in recent years. The aims of this study is to develop a novel bio-
mimic polymeric materials which will facilitate the delivery cells, control cell bioactivities and 
enhance the focal integration of graft cells with host tissues. We synthesized a novel tri-block 
copolymer, methoxy-terminated poly (ethylene glycol) (MPEG)-polyL-lactide (PLLA)-polylysine 
(PLL) via sequential polymerization of PLLA onto MPEG, followed by ring opening 
polymerization of PLL onto the functionalized chain end. The triblock copolymer (5%) was then 
mixed with high molecular weight PLLA (95%) to form cell-delivery membranes. The spectra of 
copolymers were determined by NMR and ATR-FTIR spectroscopy. Human osteoblasts were used 
for testing biocompatibility and initial cellular reaction. It was noted that no cytotoxicity was 
detectable in our synthesized copolymers. Compared with pure PLLA and diblock copolymers, the 
triblock copolymers showed significantly better cell adhesion and proliferation. Interestingly we 
identified that cellular activity (attachment, proliferation and differentiation) could be regulated by 
the molecular weight and composition of the triblock copolymers. In conclusion controllable 
synthetic copolymers can be designed and synthesized to modulate cellular function in facilitating 
tissue repair and regeneration.  
Introduction 
Synthetic biodegradable polymers have been increasingly utilized in pharmaceutical, medical and 
biomedical engineering over the past two or three decades.1-3 Most of the common synthetic 
polymers have desired stability towards degradation, and can be produced under controlled 
conditions and therefore exhibit, in general, predictable and reproducible mechanical and physical 
properties. One important remaining problem is inadequate interaction between polymer and cells, 
leading to in vivo foreign body reactions.4, 5 Approaches to improve biomaterials include reduction 
of non-specific protein adsorption, enhancement of adsorption of specific proteins, and surface 
modification and immobilization of cell recognition motives to obtain controlled interactions 
between cells and synthetic materials.6-14 
    In this paper, an amphiphilic triblock copolymer, poly(methoxy ethylene glycol)–poly(L-lactide)–
poly(L-lysine) (MPEG-b-PLLA-b-PLL) was synthesized via sequential polymerization of PLLA 
onto MPEG, followed by ring opening polymerization of PLL onto the functionalized chain end. 
The triblock copolymer was then blended with high molecular weight PLLA and cast in the form of 
films to allow testing of the osteoblast response to the polymers. The PLLA segments on MPEG-b-
PLLA-b-PLL copolymer are expected to interact and entangle with the PLLA matrix to make a 
stable MPEG-b-PLLA-b-PLL layer on the PLLA surface. The hydrophilic PEG and PLL chains 
will form an extended surface layer, in which the PLL may enhance cell attachment and 
proliferation, while the PEG can limit the non-specific interactions of cells or proteins. The PLLA 
surface modified with the amphiphilic triblock copolymer is expected to display enhanced cell 
adhesion and growth, serving as a potential biodegradable scaffold for cell and tissue engineering. 
 
  
Materials and Methods 
Synthesis of Triblock Copolymer Poly (methoxyethylene glycol) -b-Poly(L-lactide) -b-poly(L-
lysine) (MPEG-b-PLLA-b-PLL). 2.0g Nε-(Z)-Lys-NCA was dissolved in 10 mL DMF, then 0.44 g 
MPEG-b-PLLA-NH2 (DPMPEG=17, DPPLA=94) was dissolved in 5mL DMF and added to the 
solution of Nε-(Z)-Lys-NCA. The reaction was carried out at 40 ℃ in the presence of dry nitrogen. 
The reaction was stopped after about 72 h. The copolymer in the DMF solution was precipitated 
when poured into excess diethyl ether to give a white product. The MPEG-b-PLLA-b-PZLys was 
dried under vacuum at 40 ℃ for 24 h. The purified yield was 1.97 g (92.1%). DPMPEG=17, 
DPPLLA=94, DPPZLys=109. 
Deprotection of MPEG-b-PLLA-b-PLL was carried out as follows. Approximately 1.5 g of the 
protected polymer MPEG-b-PLLA-b-PZLys was placed in a 100 mL round bottomed flask and 
purged under argon for 15 min. 10 mL of HBr/HOAc was added via syringe to the polymer under 
argon to form a slurry and was stirred for 90 min. The polymer was precipitated into ether, 
separated by vacuum filtration, and washed several times with ether until the polymer took on an 
off-white color. The product was then redissolved in DMF, neutralized with excess N, N-
diisopropylethylamine, precipitated from ether, separated by vacuum filtration, and dried under 
vacuum at 40℃ for at least 48 h. The purified yield was 0.75 g (81.5%). DPMPEG=17, DPPLLA=94, 
DPPZLys=115. 
 
Preparation of MPEG-b-PLLA-b-PLL modified PLLA films. Modification of PLLA films was 
carried out by dissolving the high molecular weight PLLA (Mw=100 000-150 000 g/mol) and the 
triblock copolymer MPEG-b-PLLA-b-PLL in chloroform, and then casting the solution obtained on 
round cover slides and allowing the solvent to evaporate in air. To remove the last traces of 
chloroform, the slides were kept under vacuum for 48 h and exposed to UV light for 30 minutes for 
sterilization. Pure PLLA film was prepared in the same way and used as a control. 
 
Measurements. ATR-FTIR spectra were acquired on a Nicolet Nexus 870 with a Smart Endurance 
diamond ATR accessory. Peak height measurements were performed with the spectral analysis 
software (GRAMS/32, Galactic Industries Corp., Salem, NH).  
1H NMR spectra was collected on a Bruker Avance 500MHz or 300 MHz spectrometer with a 
TXI probe at room temperature.  
Gel permeation chromatography (GPC) measurements were performed using a Waters Alliance 
2690 Separations Module equipped with an autosampler, column heater, differential refractive 
index detector, and a Photodiode Array (PDA) connected in series.  
X-ray Photoelectron Spectroscopy (XPS) was conducted using an Axis Ultra XPS spectrometer 
(Kratos Analytical).   Both virgin PLLA film and MPEG-b-PLLA-b-PLL copolymer modified films 
were examined.   
Atomic force microscopy (AFM) experiments were performed by using the Multi-Mode V 
Scanning Probe Microscope (VEECO Instrument Inc.) at room temperature in air, and the AFM 
images were obtained in tapping mode.  
Scanning Electron Microscopy (SEM) photos of osteoblasts were taken after a period of 7 days of 
culture by Environmental SEM (Quanta 200 FEI). 
 
Cellular cytotoxicity testing. The Lactate Dehydrogenase (LDH) cytotoxicity assay kit (Sigma, 
Missouri) was utilized to measure membrane integrity of cells on a range of modified PLLA films. 
The round polymer films were cut and placed in each well of 96-well tissue culture plates, 
completely covering the bottom surface of the well. Six tests were repeated for each polymer film. 
Osteoblasts (OBM) from passage 7 to 10 were used. 1X104 cells were seeded on each well and 
cultured for 1, 3 and 7 days in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen 
Corporation, Melbourne, Australia) supplemented with 10% foetal calf serum (FCS, HyClone, 
Logan UT) and 1% penicillin/streptomycin (GIBCO, Invitrogen Corporation, Melbourne, Australia) 
  
in a standard humidified incubator at 37°C containing 5% CO2/95% atmospheric air.. The amount 
of LDH leakage into the medium was measured. Briefly, 200 μl of cell supernatant was transferred 
to a clean flat-bottom plate and 100 μl of LDH assay mix was added. The reaction was stopped by 
adding 30 μl of 1N HCl and the absorbance was measured at a wavelength of 490 nm.   
 
 Cell Adhesion and Spreading. For measurement of cell adhesion and spreading, round pieces of 
polymer film were cut and placed in each well of 96-well tissue culture plates, completely covering 
the bottom surface of the well. 1X104 cells were seeded on each film. After incubation at 37 ℃ for 
1 day or 7 days, all culture media were removed and the wells were washed with PBS and the cells 
on the polymer films were fixed in 4% formaldehyde for 15 minutes. Attached cells were visualized 
by staining with 10% crystal violet for 10 minutes followed by washing in PBS or water until the 
colour run clear. Photographs were taken using a digital camera (Nikon Coolpix 4500; Maxwell 
Optical, Lidcombe, NSW, Australia). 
 
Cell Proliferation. Cell proliferation on polymer films was measured by examining the total 
intracellular LDH activity. Five polymer films were used for each sample. OBMs at passage 7 were 
seeded on each well at a density of 1X104/per well in 100 µl culture media and cultured at 37 ℃ for 
3 days, then 10 µl lysis buffer (LDH Assay kit) was added to the culture media followed by 45 min 
incubation. All media were then transferred into a 1.5 ml Eppendorf tube and centrifuged for 4 min 
at 250 x g. 100 µl of the supernatant was transferred  to a new 96-well plate, and 50 µl of assay 
mixture solution was added to each well. Then spectrophometrical measurements made at a 
wavelength of 490 nm. 
Results and Discussion 
Primary amines can be used as initiators for the ring-open polymerization (ROP) of NCA to prepare 
poly(α-amino acid)s, undergoing a nucleophilic addition to the C-5 carbonyl group of the NCA.15 
Therefore, in this study, the triblock copolymer MPEG-b-PLLA-b-PLL was synthesized via 
polymerization of PLLA onto MPEG, then the MPEG-b-PLLA-NH2 copolymer was used as a 
macroinitiator to carry out the ROP of Nε-(Z)-Lys-NCA.  
 
Synthesis of Triblock Copolymer MPEG-b-PLLA-b-PLL.   
The molecular weight characteristics of the protected and deprotected copolymers were 
determined by 1H NMR (Table 1). The molecular weights did not change significantly before and 
after deprotection, which suggested that polymer main-chain cleavage did not occur during the 
deprotection reaction.  
 
Table 1. Feed composition and molecular characteristics of MPEG-b-PLLA-b-PLL. 
Polymer Mn×10
-3 
(Theory) 
Mn×10-3 
(1HNMR)a 
Composition of 
feed(EO:LLA:LL) 
Composition of the 
polymer(EO:LLA:LL)a 
9920 12220 17:40:24 17:56:28 
15940 17360 17:40:47 17:56:48 
17250 19830 17:80:41 17:94:47 
20920 21140 17:80:55 17:94:57 
MPEG-b-PLLA 
-b-PZLys 
35330 36080 17:80:110 17:94:109 
7850 8370 17:40:24 17:56:28 
10800 12970 17:40:47 17:56:64 
12770 13660 17:80:41 17:94:48 
14500 15200 17:80:55 17:94:60 
MPEG-b-PLLA 
-b-PLL 
21600 22240 17:80:110 17:94:115 
a Calculated from results of 1H NMR spectroscopy. 
  
 
 Surface Analysis. To investigate the effect on cell adhesion, the triblock copolymer was tested in 
the forms of films. The triblock copolymer was blended into high molecular weight PLLA to 
examine the differences between the modified and the virgin PLLA films.  
 
XPS Analysis. Using the XPS data it is possible to propose possible structures of the surface of the 
films. Different possible arrangements of the triblock copolymer can be envisaged. In the first we 
consider that the triblock copolymer is perfectly mixed with the PLLA matrix and that the surface 
composition is the same as the bulk composition, which we calculate from the weight fractions and 
compositions of the polymers in the blend. We would then expect nitrogen content at the surface 
detected by XPS of 0.82 %. It is clear therefore that some enrichment of the surface by the PLL 
occurs as we observe a substantially larger proportion of nitrogen (Table 2). 
 
Table 2. Surface composition of the MPEG-b-PLLA-b-PLL modified PLLA film. 
Mass Concentration Surface Composition O% C% N% N/C 
Bulk 45.14±0.05 54.03±0.05 0.82±0.05 0.015 
XPS Analysis 36.35±0.05 59.71±0.05 3.94±0.05 0.066 
PLL 19.60 68.90 11.40 0.165 
PEG+PLL 27.31 65.53 7.09 0.108 
MPEG+PLLA+PLL 38.25 58.55 3.16 0.054 
 
Next we can consider the other extreme that is that the triblock copolymer covers completely the 
surface of the PLLA matrix. The surface composition of the film should then be the same as that 
predicted from the composition of the copolymer, and specifically the nitrogen content should be 
3.16 %. We observe however (Table 2) a nitrogen content of 3.94 %, and therefore there is 
additional enrichment of the PLL at the surface compared with the PLLA block in the copolymer. 
The nitrogen content of the pure PLL block is 11.40 %, and so therefore the surface layer is not 
pure PLL. 
In a third possibility, we consider whether the other surface-active component, MPEG, also 
comes to the surface, that is the surface consists of PLL and PEG in a ratio corresponding to the 
composition in the triblock copolymer.  In this case, the nitrogen content would be 7.09 %, much 
greater than the observed proportion. It is clear from this argument that the surface must also 
contain PLLA. This is very reasonable when we consider the low triblock composition of the films. 
Therefore a reasonable model of the morphology of the surface of the blends is shown in Scheme 2, 
in which MPEG and PLL blocks of the copolymer are presented to the surface, the PLLA segments 
of the triblock provide miscibility with the PLLA matrix, and a proportion of the surface is pure 
PLLA. Ji and co-workers11 have reported a similar surface structure in films of end-functionalised 
triblock copolymers of PEO and PPO blended with PLLA. These authors also reported enhanced 
cell attachment and growth in copolymers functionalized with monopeptides, and with the RGD 
sequence. 
 
AFM Analysis. The surface structure of these films was also studied by AFM. The virgin PLLA 
film presented a smooth surface. However, phase segregation on the surface of the PLLA film 
modified with MPEG-b-PLLA-b-PLL was noted. This self-segregation behavior of MPEG-b-
PLLA-b-PLL triblock copolymer may help the cell attachment and proliferation.  
 
Cell Behavior. In vitro toxicology was examined by measuring cell membrane integrity using the 
Lactate Dehydrogenase (LDH) leakage assay after 7 days incubation at 37 ℃. Tissue Culture 
Poly(styrene) (TCPS) plate was used as positive control . As shown in Figure 1(A), the optical 
density (OD) values from the cells on all the films were similar to that of TCPS. No cytotoxicity 
was detected for both the diblock and triblock copolymers, which confirmed the biocompatibility of 
  
the synthetic copolymers.  
The cell proliferation on the PLLA films modified by incorporation of the diblock and triblock 
copolymers was shown in Figure 1(B). The OD values and hence extent of cell proliferation were 
reported as the number of cells that attached and were compared to the results for TCPS. Enhanced 
cell attachment was obtained on MPEG17-b-PLLA56 modified PLLA films compared to the virgin 
PLLA film. The MPEG17-b-PLLA56-b-PLL28 modified PLLA films exhibited the best results with 
significant increase in cell numbers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Membrane integrity (A) and cell proliferation values (B) of OBM cells evaluated by 
extracellular and intracellular LDH activity respectively after 7 days incubation at 37 ℃. Columns 
and error bars represented the means ± SD of six samples. (A) Virgin PLLA film, (B) 5 wt. % 
MPEG17-b-PLLA56 modified PLLA film, (C) 5 wt. % MPEG17-b-PLLA56-b-PLL28 modified 
PLLA film, (D) Tissue culture poly(styrene) plate (TCPS). 
 
There was a significant variation in cell numbers on different polymer surfaces. Cell attachment, 
spreading, and proliferation on polymer surfaces were dependent on the film material. More cells 
were observed on the triblock-modified surface than on the diblock-modified surface, and nearly no 
cells were observed on the virgin PLLA surface in one day incubation.  
 
Figure 2. Microscopic images of 
OBM cells seeded on virgin 
PLLA film (A, D), 5 wt. % 
MPEG17-b-PLLA56 modified 
PLLA film (B, E) and 5 wt. % 
MPEG17-b-PLLA56-b-PLL28 
modified PLLA film (C, F) for 1 
day (D, E and F) and 7 days ( G, 
H and I) 
 
 
 
 
After 7 days incubation, a notable increase in cell proliferation can be seen on the triblock-
copolymer modified PLLA surface, with large numbers of cells attached and spread on the film 
surface. The cells adhered and spread more extensively and proliferated faster on the surface 
modified with triblock-copolymer compared with the others. 
The SEM photographs of cells on the PLLA films modified with di-, tri-block copolymers after 7 
days (shown in Figure 3) revealed the similar results as the microscopic images. Few cells were 
found on the PLLA surface, more cells on the surfaces modified with the triblock copolymer than 
the diblock copolymer. These results also indicate that the triblock copolymers are significantly 
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more effective at promoting cell adhesion and proliferation than the diblock copolymer and PLLA 
only. 
Figure 3. Scanning 
electron microscopy 
observation of OBM cells 
seeded on virgin PLLA 
film (A), 5 wt. % 
MPEG17-b-PLLA56 
modified PLLA film (B) 
and 5 wt. % MPEG17-b-
PLLA56-b-PLL28 
modified PLLA film (C) 
for 7 days. 
Ji and colleagues11 have studied the effects of incorporation of functionalised PEO-PPO-PEO 
triblock copolymers on contracyte attachment to PLLA. They found that the conjugation of a single 
peptide residue to the terminal units of the triblock copolymer resulted in a material which when 
blended with PLLA enhanced the extent of cell attachment. When the monopeptide was replaced by 
the RGD tripeptide, which is well-known to promote cell adhesion, results comparable to the 
positive control were obtained. In our study however, we have demonstrated comparable results can 
be achieved by use of a polypeptide, in this case PLL, without resort to the adhesion motif RGD. 
In 1993 Cook and co-workers16 were the first to report the modification of copolymer of L-lactide 
and lysine with RGD-peptide, and later17 demonstrated enhanced bovine aortic endothelial (BAE) 
cells in blends with PLLA. However, in their early work the material prepared was a random 
copolymer with a lysine-like monomer and the resultant polymer contained less than 2 mol. % of 
lysine. When incorporated into a blend with PLLA the materials showed favorable biological 
properties and so the utility of incorporation of peptide residues was demonstrated. The advantage 
of our approach, and of others preparing block copolymers with PLL segments, is increased control 
over the lysine content and block length. 
In a similar study to ours, Deng and co-workers18 reported the synthesis of poly(ethylene glycol)-
b-poly(L-lactide)-b-poly(L-lysine) triblock copolymers and the conjugation of RGD sequences to the 
lysine units. They reported enhanced cell adhesion and spreading on the PEG-b-PLLA-b-PLL/RGD 
film compared to pure PLLA films, however after 20 hours incubation the number and size of the 
cells on the PEG-b-PLLA-b-PLL copolymer (without RGD) decreased. The authors suggested that 
PLL was harmful to the cells. In the preparation of the triblock copolymer, Deng et al.18 used a 
solution of HBr/acetic acid to effect the deprotection of PEG-b-PLLA-b-PZLL. Using this 
procedure, it is likely that the final product is not the amino form of lysine, but rather the 
ammonium bromide salt. 
Fan et al.19 reported the deprotection PLLA-b-PZLL using the same procedure as Deng, and the 
amine region of the NMR spectrum of the copolymer in the form of lysine bromide was essentially 
identical to that reported by Deng, and assigned this to the hydrogen bromide salt. Previously others 
have reported the neutralization of the bromide salt of lysine-containing peptides by reaction with 
amines. For example, Hrkach et al1. reported the deprotection of PLLA-b-PZLL by HBr/acetic acid 
solution followed by neutralization to the free amino side chains with excess N,N-
diisopropylethylamine.  
In our study, the amine region of the NMR spectrum of the product of deprotection of PEG-b-
PLLA-b-PZLL with HBr/acetic acid solution was the same as the spectrum of Deng et al. However, 
after the sample was neutralized with N,N-diisopropylethylamine, only a single peak was observed 
in the appropriate region indicating the formation of PEG-b-PLLA-b-PLL with free amino groups. 
Both the protected PEG-b-PLLA-b-PZLL and deprotected PEG-b-PLLA-b-PLL with free amino 
groups showed good cell attachment and cell growth. We therefore suggest that the poor cell 
growth reported for PEG-b-PLLA-b-PLL copolymer by Deng et al. may be due to incomplete 
conversion of the hydrogen bromide salt of the lysine groups. A number of groups have reported 
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that polypeptides containing lysine hydrogen bromide prevent cell growth and may lead to cell 
death in some circumstances.20, 21 
The results of cell behavior assays reveal that incorporating hydrophilic PEG into PLLA can 
improve cell adhesion and spreading, however poly(L-lysine) was more effective at promoting 
osteoblast adhesion and proliferation. Therefore, compared to the diblock and PLLA films, the 
PLLA films modified with the triblock copolymer greatly improved the tendency of osteoblasts to 
adhere to and spread on the substrate, thus promoting cell proliferation.  
 
Summary 
 
The amphiphilic triblock copolymer MPEG–b-PLLA–b-PLL was synthesized through the ROP of 
Nε-(Z)-Lys-NCA using MPEG–b-PLLA-NH2 as a macroinitiator. The chain length of each block 
polymer could be controlled by adjusting the feed ratios of the monomers. The triblock copolymers 
were much more effective in promoting cell adhesion and proliferation than the diblock and virgin 
PLLA films.  The self-segregation of the MPEG-b-PLLA-b-PLL triblock copolymers demonstrated 
a potential application in scaffold preparation for tissue engineering.  
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